Injury-induced self-destructive processes cause significant functional loss after incomplete spinal cord injury (SCI).
Introduction
Spinal cord injury (SCI) often has a devastating outcome, which results not only from damage to directly injured neurons and poor regeneration but also from secondary damage to neighboring neurons that escaped the initial injury. These secondary events are caused mainly by the activity of injury-evoked destructive self-compounds, such as physiological substances in toxic excess of their normal levels or degradation products of selfcompounds (Faden, 1993) . Recovery from SCI thus may be improved by preventing the spread of damage (i.e., by neuroprotection) and by promoting regrowth of damaged fibers for which the cell bodies are still viable (i.e., by regeneration) (Behrmann et al., 1994; Constantini and Young, 1994; Liu et al., 1994; Bazan et al., 1995; Basso et al., 1996; Beattie et al., 1997; Blesch and Tuszynski, 1997; Crowe et al., 1997; Bregman, 1998; Franzen et al., 1998; Bavetta et al., 1999; Bethea et al., 1999; Brewer et al., 1999; Moalem et al., 1999; Hauben et al., 2000a,b) .
Studies over the last few years have provided evidence indicating that cell-mediated immunity, if properly controlled, plays a pivotal role in regrowth of the injured spinal cord and its protection from secondary degeneration (Hauben et al., 2000a (Hauben et al., ,b, 2001a Butovsky et al., 2001) . A properly controlled immune response after spinal cord or optic nerve injury helps to protect spared fibers from secondary degeneration, rescue cell bodies of damaged fibers, and promote regrowth of severed axons. Passive or active immunization with T-cells specific to CNS-associated myelin antigens reduces secondary degeneration in rat and mouse models of optic nerve crush or spinal cord contusion Hauben et al., 2000a,b; Fisher et al., 2001; Yoles et al., 2001) . Moreover, local implantation of macrophages activated by an autologous sciatic nerve in a completely transected spinal cord or optic nerve leads to regenerative growth with some recovery of function (Lazarov-Spiegler et al., 1996; Franzen et al., 1998; Rapalino et al., 1998) .
A considerable body of literature assigns a key role to dendritic cells (DCs) in promoting and modulating immune responses in general and autoimmune responses in particular ; Knight et al., 2002) . DCs are immune cells for which the principal function is antigen presentation. They have an extraordinary capacity to stimulate naive T-cells, control the quality of the T-cell response, and initiate primary immune responses (Mellman and Steinman, 2001) . Their effects vary from conferring active autoimmunity to conferring immune tolerance, and they are capable of bringing about changes in T-cell polarization (Dittel et al., 1999; Xiao et al., 2001; Turley, 2002) .
The diverse activities of DCs in immune regulation are a function of the diversity of DC subsets and lineages as well as the functional plasticity of DCs while still immature (Liu, 2001) . The state of maturation of these cells, as well as their number and the context in which they are activated, determines the nature of the resulting immune response. Three distinct stages of DC differentiation were described recently, and it was suggested that tolerance is conferred when the DCs are partially or semi-mature, whereas only fully mature DCs are immunogenic. The decisive signal, which induces a T-cell-mediated immune response, seems to be the expression of CD86 (B7-2) and MHC class II (MHC-II) molecules concurrently with the release of proinflammatory cytokines, in particular interleukin (IL)-12, IL-6, and tumor necrosis factor ␣ (TNF␣), from the DCs .
In the present study we injected DCs specifically pulsed with peptides of myelin basic protein (MBP) into the site of spinal cord contusion in rats. The purpose of this injection was to stimulate a well regulated primary immune response against antigens that are abundant at the injury site. We postulated that the use of DCs pulsed with an MBP peptide thus might provide a way to harness the immune system and exploit its functions for both protection and regeneration of the injured spinal tissue (Rapalino et al., 1998; Hauben et al., 2000a,b) . In an attempt to obtain a beneficial outcome while reducing the risk of accompanying autoimmune disease, we also pulsed DCs with an altered peptide ligand, a segment of MBP (amino acids 87-99) in which the amino acid lysine in position 91 is replaced by alanine. This modified peptide (A91) has been shown to cross-react with the original encephalitogenic peptide, activating weak self-reacting T-cells and thereby inducing autoimmunity without the risk of inducing experimental autoimmune encephalomyelitis (EAE) (Gaur et al., 1997) . When used as a vaccine in rats with injured spinal cords, it can evoke protective autoimmunity (Hauben et al., 2001a) . The results showed that DCs pulsed with MBP-derived peptide, if injected either locally or systemically after SCI, promote recovery of locomotor activity. Recovery also was manifested by tissue preservation, measured morphologically and anatomically by magnetic resonance imaging (MRI).
Materials and Methods
Animals. Inbred adult Lewis or Sprague Dawley (SPD) rats (10 -12 weeks old, 200 -250 gm) were supplied by the Animal Breeding Center of The Weizmann Institute of Science (Rehovot, Israel). Rats were housed in a light-and temperature-controlled room and were matched for age in each experiment. All animals were handled according to the guidelines of National Institutes of Health and The Weizmann Institute of Science for the management of laboratory animals.
Spinal cord injury. Rats were anesthetized by intramuscular injection of Rompun (xylazine, 10 mg/kg; Vitamed Pharmaceutical, Benyamina, Israel) and Vetalar (ketamine, 50 mg/kg; Fort Dodge Laboratories, Fort Dodge, IA), and their spinal cords were exposed by laminectomy at the level of T8. At 1 hr after the induction of anesthesia we dropped a 10 gm rod onto the laminectomized cord from a height of 50 mm (defined as a "severe" injury), using the NYU impactor (first developed at New York University), a device shown to inflict a well calibrated contusive injury of the spinal cord (Basso et al., 1996; Young, 1996; Hauben et al., 2000a,b) .
Antigens. Modified (nonencephalitogenic) MBP peptides were derived from an encephalitogenic peptide, amino acids 87-99 of MBP, by replacing the lysine residue 91 with alanine (A91; synthesized at the Weizmann Institute of Science). All peptides used in the study had a purity of Ͼ95% as confirmed by reverse-phase HPLC. Ovalbumin was purchased from Sigma-Aldrich (Rehovot, Israel).
Preparation of rat DCs. DCs were generated from bone marrow by a previously described method (Talmor et al., 1998; Lutz et al., 1999) , with some modifications. Femurs and tibias were removed from dead mature male SPD rats (7-10 weeks old), stripped of muscle and connective tissue, placed in 70% ethanol for 3 min for disinfection, and then washed with PBS. Both ends of the bones were cut with scissors, and the marrow was flushed out with calcium-free and magnesium-free PBS, using a syringe with a 23-gauge needle. Cell aggregates were broken down by vigorous pipetting. Red blood cells were lysed with ACK buffer [containing (in mM): 150 NH 4 Cl, 10 KHCO 3 , 0.1 Na 2 EDTA, pH 7.2-7.4]. Bone marrow cells were counted and plated at 2-5 ϫ 10 6 cells/ml in a 250 ml flask (total 15 ml). The cells were grown in DMEM supplemented with 100 g/ml penicillin and streptomycin, 2 mM L-glutamine, 50 M ␤-mercaptoethanol, 1 mM pyruvate, 1:100 nonessential amino acids, and 10% heat-inactivated and filtered fetal calf serum (referred to hereafter as DC medium). The cytokines recombinant murine granulocyte macrophage colony-stimulating factor (rmGM-CSF, PeproTech, Rocky Hill, NJ) and recombinant murine interleukin 4 (rmIL-4, PeproTech), both at 20 ng/ml, were added on day 0. On days 2 and 4 the culture medium was replaced with DC medium supplemented with cytokines, and the floating cells were discarded. On day 7 the cells were collected with a cell scraper (Sarstedt, Newton, NC) for adherent cells and centrifuged, and the pellet was resuspended in fresh DC medium (without added cytokines; 2 ϫ 10 6 cells per ml) containing the specific antigen (20 g/ml). The cells were pulsed (i.e., incubated for 2 hr with the antigen), washed with fresh DC medium, and kept on ice until injected. Just before injection the cells were centrifuged and resuspended in PBS (5 ϫ 10 5 cells in 5 l of PBS for local injection; 1 ϫ 10 6 cells in 1 ml of PBS for intravenous injection; 2 ϫ 10 6 cells in 1 ml of PBS for subcutaneous injection). For local injection the cells were loaded into a Hamilton syringe and injected into the spinal cord at the site of injury. For subcutaneous injection the cells were injected in the neck area at two injection sites (0.5 ml each). For intravenous injection the cells were injected into the tail vein.
Reverse transcription-PCR. Total RNA was extracted by using TRI reagent. For the first-strand cDNA synthesis reaction, RNA was incubated at 65°C for 5 min, chilled on ice, and then reverse-transcribed in the presence of oligo-dT primer plus (in mM) 50 pH 8.3, 75 KCl, 3 MgCl 2 , 20 DTT, 0.5 dNTP mixture, and 200 U of SuperScript II RNase Reverse Transcriptase (Invitrogen, San Diego, CA) at 42°C for 1 hr. The generated cDNA was amplified with 0.6 U of DyNAzyme II DNA polymerase (Finnzymes Oy, Rihitontuntie, Finland) in the presence of 50 -70 pmol of primers plus (in mM) 0.1 dNTP mixture, 10 Tris-HCl, pH 8.8, 1.5 MgCl 2 , 50 KCl, and 0.1% Triton X-100. The cycling conditions were 30 sec at 94°C for denaturation, 1 min at 60°C for annealing, 2 min at 72°C for extension, and 7 min at 72°C after the last cycle. cDNA samples were amplified by 24 cycles for L-19, 34 cycles for IL-6, 33 cycles for TNF-␣, and 34 cycles for IL-12 p-40. PCR products were visualized after electrophoresis on 1.5% agarose gels by staining with ethidium bromide. The following primers were used: L-19, 5ЈCTGAAGGTCAAAGGGAATGTG and 5Ј-GGACAGAGTCTTGATGATCTC; IL-6, 5Ј-ACTGCCTTC-CCTACTTCAC and 5Ј-GTATTGCTCTGAATGACTCTG; TNF␣, 5Ј-AGGAGGCGCTCCCCAAAAAGATGGG and 5Ј-GTACATGGGCT-CATACCAGTTG; IL-12, 5Ј-AGATGACATCACCTGGACCT and 5Ј-CTTTGGTTCAGTGTGACCTTC.
Fluorescence-activated cell sorter analysis. Bone marrow-derived cultured DCs (5 ϫ 10 5 ) were stained with FITC-conjugated CD86 antibodies (anti-B7-2, mouse IgG1k, PharMingen, San Diego, CA), PEconjugated OX6 antibodies (anti-MHC-II mouse IgG1k, PharMingen), FITC-conjugated ED-1 (Serotec, Oxford, UK), FITC-conjugated CD45RA antibodies (PharMingen), and their control antibodies mouse IgG1 conjugated to FITC (Serotec) and mouse IgG1 conjugated to PE (PharMingen). The cells were incubated in 100 l of PBS containing 2% normal mouse serum and the diluted specific antibodies at 4°C for 30 min. Cells were washed with 4 ml of PBS and resuspended in 400 l of 0.1% paraformaldehyde. Samples were analyzed with a FACScan (fluo-rescence-activated cell sorter; Becton Dickinson, Heidelberg, Germany). Cells were stained for ED-1 after they had been fixed and permeabilized by using Leucoperm reagents (Serotec) according to the manufacturer's instructions.
Experimental protocol for DC administration. Bone marrow-derived cultured DCs were pulsed with MBP peptide 87-99, MBP-derived altered peptide A91, or ovalbumin (20 g/ml) for 2 hr, washed with PBS, and adjusted to the appropriate number and volume just before injection. The spinal cords of SPD or Lewis rats were contused at the level of T8, using the NYU impactor, as described above. Immediately after SCI the treated groups were injected locally into the injury site or subcutaneously at two adjacent sites in the neck area or intravenously into the tail vein, with DCs in PBS at the concentrations recorded above. Control rats were injected locally or subcutaneously or intravenously, respectively, with the same volume of PBS as the treated rats or locally with non-pulsed DCs.
So that the effect of delayed treatment could be examined, rats were anesthetized 12 or 28 d after SCI, the laminectomized area was exposed, and the injured spinal cord was exposed further by careful separation of the healed tissue over the spinal cord. DCs or PBS then were injected into the spinal cord as described above.
Assessment of recovery from spinal cord contusion. Functional recovery was determined by locomotor hindlimb performance. This was scored with the open-field locomotor rating scale of Basso, Beattie, and Bresnahan (BBB) on a scale of 0 (complete paralysis) to 21 (normal mobility) (Basso et al., 1996; Young, 1996; Hauben et al., 2000a Hauben et al., ,b, 2001a Jakeman et al., 2000; Ma et al., 2001) . Blind scoring ensured that observers were not aware of the treatment received by each rat. Approximately once a week we evaluated the locomotor activities of the trunk, tail, and hindlimbs in an open field by placing the animal for 4 min in the center of a circular enclosure (90 cm in diameter, 7 cm wall height) made of molded plastic with a smooth, nonslip floor. Before each evaluation the rat was examined carefully for perineal infection, wounds in the hindlimbs, and tail and foot autophagia.
Animal care. In spinally injured rats the bladder expression was assisted manually twice a day (three times per day during the first 48 hr after injury) until the end of the second week, by which time automatic voidance had been recovered. Rats were monitored carefully for evidence of urinary tract infection or any other sign of systemic disease. During the first week after contusion and in any case of hematuria after that period they received a course of sulfamethoxazole (400 mg/ml) and trimethoprim (8 mg/ml; Resprim, Teva Laboratories, Netanya, Israel), administered orally with a tuberculin syringe (0.3 ml of solution per day). Daily inspections included examination of the laminectomy site for evidence of infection and assessment of the hindlimbs for signs of autophagia or pressure.
Histology. At the indicated time points the rats were perfused intracardially with 100 ml of cold 0.1 M PBS, pH 7.4, at 4°C and then with 200 ml of 4% paraformaldehyde (prepared in 0.1 M PBS, pH 7.4, containing glucose 5%). Their spinal cords were removed, postfixed overnight in 10% phosphate-buffered formaldehyde, dehydrated overnight in ethanol, and embedded in a paraffin block. Serial sections (4 m) from each block were stained with hematoxylin and eosin or Luxol fast blue.
Statistical analyses. Behavioral and morphological data were analyzed by two-tailed Student's t tests. Because the open-field motor scores were measured at different times after the injury, they also were analyzed by two-factor repeated measures ANOVA.
Proliferation assay. Three rats from each group were killed 12 d after injury, and their spleens were excised and pressed through a fine wire mesh. After lysis of red blood cells with ACK lysing buffer (BioSource, Camarillo, CA) the splenocytes were washed in PBS and resuspended in proliferation medium containing DMEM supplemented with 2 mM L-glutamine, 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol, 1 mM sodium pyruvate, 100 IU/ml penicillin, 100 g/ml streptomycin, nonessential amino acids, and 1% (v/v) autologous rat serum. Splenocytes were cultured in quadruplicate in flat-bottomed microtiter wells in 100 l of medium (3 ϫ 10 6 cells/ml) with concanavalin A (Con A; 1.25 g/ml), MBP 81-99 (10 g/ml), MBP 68 -82 (10 g/ml), A91 (10 g/ml), or myelin oligodendrocyte glycoprotein (MOG) 35-55 (10 g/ ml) or without antigen for 72 hr at 37°C, 90% relative humidity, and 7% CO 2 . The proliferative response was determined by measuring the incorporation of [ 3 H]thymidine (1 Ci/well), which was added to each well for the last 16 hr of the 72 hr culture.
Diffusion anisotropy MRI. Rats were killed, and their spinal cords were excised and examined by MRI. Diffusion anisotropy was measured in a Bruker DMX 400 wide-bore spectrometer (Bremen, Germany), using a microscopy probe with a 5 mm Helmholz coil and actively shielded magnetic field gradients. The observer was blinded to the identities of the rats. Multi-slice echo imaging was performed with nine axial slices, with the central slice positioned at the center of the spinal injury. Images were obtained with an echo time (TE) of 31 msec, repetition time (TR) of 2000 msec, diffusion time of 15 msec, diffusion gradient duration of 3 msec, field of view of 0.6 cm, matrix size of 128 ϫ 128 pixels, slice thickness of 0.5 mm, and slice separation of 1.18 mm. Top to bottom images represent axial sections from head to foot. Four diffusion gradient values (0, 28, 49, and 71 gm/cm) were applied along the read direction (transverse diffusion) or along the slice direction (longitudinal diffusion). Using a linear fit by weighted minimal squares for each pixel, we obtained a transverse (T) and a longitudinal (L) apparent diffusion coefficient map from which an anisotropy ratio matrix was derived. The accumulated anisotropy in each slice was integrated. For each rat the lowest value of the slice anisotropy integral was defined as the lesion site.
Measurement of cyst area. Before longitudinal sectioning of the spinal cord, each rat was perfused intracardially as described above. The spinal cords were removed, post-fixed overnight in 4% paraformaldehyde (prepared in 0.1 M PBS, pH 7.4, containing glucose 5%), rinsed briefly in PBS, and transferred to sucrose 30% for cryoprotection for at least 3 d. All procedures were performed at 4°C. A 20 mm block of the spinal cord, with the injury site in the middle, was excised, embedded in Tissue-Tek (Miles, Elkhart, IN), and placed in liquid nitrogen. The frozen spinal cord blocks were sectioned longitudinally (20 m thickness) on a cryostat, collected onto gelatin-coated slides, and dried at room temperature. The sections were treated for 1 min with a solution of 0.3% Sudan Black B (Merck, Darmstadt, Germany) in 70% ethanol. If they were overstained, the sections were dipped in fresh 70% ethanol until staining was satisfactory. The slides were stored in a dry box at 4°C pending further analysis. From each spinal cord (n ϭ 4 for each group) 50 sections were inspected, of which the 5th, 25th, and 45th sections (representing bilateral and midsagittal areas of interest) were selected for further quantitative analysis. Cyst sizes were determined by semi-automated image analysis. Borders of the spinal cord sections were defined manually, and the number of blank pixels (i.e., with no tissue inside), each 1.8 ϫ 1.8 m 2 , was determined automatically (Image-Pro Plus program, Media Cybernetics, Silver Spring, MD), yielding the size of the cysts.
Results

Characterization of the bone marrow-derived DCs
We first determined the purity of the DC preparation as well as the maturity of the cells. Bone marrow-derived DCs were analyzed by flow cytometry for expression of the costimulatory B7-2 (CD86) and MHC-II molecules on their surface. As shown in Figure 1 A, most of the cells (94%) expressed B7-2 and MHC-II on the day they were harvested for injection (day 7), whereas on the day that culture was initiated (day 0) these DC markers were expressed by only 1.6% of the cells. Among the other cell types capable of pronounced expression of B7-2 and MHC-II are macrophages and B-cells. We therefore analyzed cultures on day 7, using flow cytometry, for the expression of ED-1 (a marker of macrophages) and CD45RA (a B-cell marker). The cells were negative for both of these markers (Fig. 1 B) . We also inspected the state of maturation of DCs and examined whether the maturation state is affected by exposure to the antigen. RNA was extracted from DCs before and after the cells were pulsed with A91 (a modified MBP peptide 87-99, which is non-encephalitogenic; see Materials and Methods) and was subjected to RT-PCR to detect expression of the cytokines TNF␣, IL-12, and IL-6, all of which are known to be expressed by mature DCs, but not by semi-mature or immature DCs . As shown in Figure 1C , the A91-pulsed DCs expressed all three of these cytokines and therefore were characterized as mature. The same cytokines also were expressed by nonpulsed DCs. It thus seems that the DCs used in the present study are mature and that their maturity was not dependent on pulsing with the antigen.
Local implantation of bone marrow-derived DCs exposed to myelin peptide promotes functional recovery from SCI Male SPD rats (n ϭ 6 per group) were subjected to a severe contusive injury as described in Materials and Methods. Rats were treated immediately after the injury by local injection with bone marrow-derived DCs pulsed (by incubation for 2 hr) with MBP peptide 87-99 or with A91. Control groups were injected locally with the vehicle (PBS). Functional recovery was assessed by the BBB locomotor rating scale on a scale of 0 -21 (Basso et al., 1996) , where 0 denotes no mobility and 21 denotes full mobility.
After severe contusion and local PBS injection the rats showed extremely limited recovery (Fig. 2) . However, injured rats treated with DCs pulsed with either MBP 87-99 peptide (Fig. 2 A) or A91 (Fig. 2 B) showed significantly improved recovery, which was detectable as early as 11 d after contusive SCI (Fig. 1 A,B) . Recovery Effect of local injection of bone marrow-derived DCs pulsed with myelin basic peptide 87-99 or with A91 into rats with spinal cord contusion. A, Injection of DCs pulsed with MBP 87-99 (circles) into the injury site immediately after severe spinal cord contusion (NYU impactor; 10 gm weight drop from a height of 50 mm) confers significant neuroprotection in male SPD rats (n ϭ 6 in each group) as compared with PBS-injected controls. B, C, Injection of DCs pulsed with A91 into the site of the lesion (n ϭ 7) results in significantly improved locomotor performance. The neuroprotective effect of this treatment was statistically significant (*p Յ 0.05 and **p Յ 0.01, two-tailed Student's t test; two-factor repeated measures ANOVA, p Յ 0.01; df ϭ 1; F test, 9.658). Note that the scores recorded in C are those of individual rats at the last time point that was examined.
was evident in 70 -80% of the treated rats, some of which attained locomotor scores as high as 9 (Fig. 2C) , manifested by extensive movement of all three hindlimb joints (BBB score of 7), plantar placement of the paw (BBB of 8), and weight support when stationary (BBB of 9). The mean BBB score Ϯ SEM in the treated rats was 6.4 Ϯ 0.9 (Fig. 2 B,C) . In control rats the highest BBB score obtained in this set of experiments was 4, manifested by slight movements of the hindlimb joints, and the mean score was 2.3 Ϯ 0.6. To determine whether antigenic specificity affects the ability of the locally injected DCs to promote spinal cord recovery, we examined the effects of nonpulsed DCs and of DCs pulsed with an irrelevant antigen (ovalbumin) in two separate sets of experiments. The recovery of rats treated with nonpulsed DCs did not differ significantly from that of PBS-treated rats (Fig. 3A) or of rats treated with ovalbumin-pulsed DCs (Fig. 3B) .
Histological analysis of rat spinal cords excised 3.5 months after severe spinal contusion and local injection of DCs pulsed with MBP peptide 87-99 or PBS injection revealed significantly better tissue preservation in the DC-treated rats (n ϭ 4) than in the controls (n ϭ 4), manifested by less cavitation and smaller sites of injury (compare Fig. 4 A,B) . Lesion sites in the treated rats were significantly smaller (by two-to threefold) than in the controls. Approximately 50 slices from each spinal cord were inspected, and all showed the same pattern: the cyst areas in the DC-treated spinal cords were smaller than in the untreated spinal cords. Quantification of the cyst areas was measured from three different slices in each spinal cord, representing three planes of sectioning, with the same planes represented in all spinal cords. The mean values of the three slices in the four different animals are shown in Figure 4C . A comparison of the cyst areas revealed significant differences, suggesting that treatment with DCs pulsed with MBP peptide reduces the amount of syringomyelia (central cavitations of the spinal cord).
Differences in the spontaneous recovery from SCI have been reported between rat strains that are susceptible and rat strains that are resistant to the induction of autoimmune disease (Hauben et al., 2001a; Kipnis et al., 2001) , as well as between male and female mice or rats . It was therefore of interest to examine the effect of the treatment with DCs pulsed with MBP-derived peptide in female Lewis rats, an EAEsusceptible strain. Figure 5 illustrates the significant effect of post-traumatic local injection of A91-pulsed DCs on the functional recovery of six spinally injured female Lewis rats as compared with five PBS-injected female littermates (two-factor repeated measures ANOVA, p Յ 0.01; df ϭ 1; F test, 8.701). The highest BBB score of the PBS-injected controls was 5.2 Ϯ 0.2 (mean Ϯ SEM), whereas rats injected with A91-pulsed DCs reached a maximum mean score of 7.2 Ϯ 0.4 ( p Յ 0.005, twotailed Student's t test) (Fig. 5A) . At 6 months after SCI the spinal cords of two rats from each group were excised and processed for histological analysis. Approximately 20 sections (4 m) from each spinal cord were inspected. Representative sections from each group are shown in Figure 5 , B and C. The spinal cords of rats treated with A91-pulsed DCs showed better preservation of neuronal tissue and less cavitation.
An insight into the immunological mechanism underlying the DC-induced recovery from SCI To determine whether the observed neuroprotective effect of the treatment with DCs is T-cell-dependent, we injected A91-pulsed DCs locally into spinally injured adult male SPD rats that had been thymectomized at birth and therefore lacked mature T-cells. In the absence of normal T-cell function, A91-pulsed DCs had no significant effect on functional recovery (Fig. 6) . The results shown are of one representative experiment of three experiments performed in thymectomized SPD rats. Similar results were obtained in males and females. To compensate for weight variations in the rats used for the different experiments, we always compared BBB scores among groups within the same experiment. The relatively high BBB score in the control group of the experiment with thymectomized rats therefore should not be taken as an indication of the failure of DCs in these rats to promote recovery. The lack of a T-cell-mediated response in thymectomized rats was confirmed by injecting the rats with bovine serum albumin in adjuvant and assessing their ex vivo splenocyte proliferative response to the vaccination (data not shown).
We also examined whether DCs activated by lipopolysaccharide (LPS), a glycolipid component of the cell walls of Gramnegative bacteria that participates in infection-related inflammation (Galanos and Freudenberg, 1993; Ulevitch and Tobias, 1994) , would improve functional recovery by inducing a more vigorous immune response. Incubation of DCs with LPS failed to induce a significant beneficial effect. Moreover, DCs pulsed with both LPS and A91 showed the same effect on recovery as DCs Figure 3 . Lack of beneficial effect of local injection of bone marrow-derived DCs, not pulsed or pulsed with an irrelevant peptide, on spinally contused rats. A, Immediately after spinal cord contusion of male SPD rats, nonpulsed DCs derived from bone marrow were injected locally into the site of injury (n ϭ 12). Control rats were injected similarly with PBS (n ϭ 10). Bars represent the mean BBB score of each group on reaching a plateau (maximum values). Nonpulsed DCs had no effect on recovery relative to treatment with PBS. Results are pooled data from two experiments in which mean scores for control rats were identical. Four additional experiments showed the same pattern. B, Immediately after spinal cord contusion the rats received a local injection of either PBS or bone marrow-derived DCs pulsed with ovalbumin (6 male SPD rats in each group). Bars represent the mean BBB score of each group on reaching a plateau (maximal values). There were no significant differences in recovery between the two groups.
pulsed with A91 only (data not shown). These results suggest that the local immune response needed for spinal cord recovery is antigen-specific.
Systemic administration of A91-pulsed DCs promotes functional recovery
Because the DCs were found to be mature and their mechanism of action T-cell-dependent, it was of interest to determine whether their beneficial effect on recovery could be reproduced by their systemic administration. We first examined whether systemic injection of pulsed DCs can evoke a systemic T-cell response specific to the pulsing antigen. Spinally injured SPD males were injected intravenously with 1 ϫ 10 6 A91-pulsed DCs or with PBS ( Fig. 7) . At 10 d later three rats from each group were killed, their spleens were removed, and splenocyte proliferation was assayed in the presence of different myelin peptides. Figure 7A depicts the proliferation of splenocytes in the presence of each of the tested peptides (A91, MBP 81-99, and MBP 68 -82) relative to their proliferation in the presence of a control myelin-derived peptide MOG 35-55. Splenocytes from rats injected intravenously with A91-pulsed DCs, but not from rats injected with PBS, displayed a significantly stronger T-cell response to the MBP peptides than to the MOG peptide. These results suggest that systemic administration of 1 ϫ 10 6 DCs pulsed with A91 evokes a T-cell response to the directly related MBP peptide A91 as well as to other MBP-derived peptides such as 81-99 and, possibly via a mechanism of epitope spreading, also to MBP 68 -82 (Wildbaum et al., 2002) .
These findings encouraged us to examine the effect of this systemic route of administration on the functional recovery of spinally injured rats. Male SPD rats were subjected to SCI and immediately afterward received A91-pulsed DCs by intravenous injection. Starting 15 d after the injury, a significant effect on recovery was observed at all time points that were tested (Fig. 7B,C) . The highest score attained by any rat was 9.5, which was not significantly higher than that of rats injected via other routes; however, the number of rats that recovered after intravenous injection was higher than that observed after treatment via other routes. Interestingly, in spinally injured SPD rats the administration of A91-pulsed DCs (2 ϫ 10 6 cells/rat) by subcutaneous injection also led to significantly better recovery than that obtained in PBS-injected matched controls (two-factor repeated measures ANOVA, p Յ 0.01; df ϭ 1; F test, 12.353; Fig. 8 ). Note that the SPD rats used in this experiment were females, and therefore their spontaneous recovery was better than that of males (Fig. 8) .
Therapeutic window of dendritic vaccination after spinal cord contusion
To examine the effect of delayed local injection of A91-pulsed DCs, 20 SPD male rats underwent severe spinal cord contusion, and their BBB locomotor scores were monitored during the first 10 d after injury. On day 11, the 12 rats with the lowest BBB scores were assigned randomly to two groups for which the mean BBB scores Ϯ SEM were similar (1.0 Ϯ 0.4 in group 1 and 0.9 Ϯ 0.25 in group 2; p Յ 0.87, two-tailed Student's t test). At 1 d later (12 d after SCI) the lesion site was injected with 5 ϫ 10 5 A91-pulsed DCs in one group of rats and with nonpulsed DCs in the other. Starting from day 29 after injury, locomotor (BBB) scores in the two groups of rats were found to differ significantly ( p Յ 0.05, two-tailed Student's t test; Fig. 9A,B) . The overall effect of the delayed treatment with A91-pulsed DCs on functional recovery was statistically significant (two-factor repeated measures ANOVA, p Յ 0.05; df ϭ 1; F test, 6.206). When this experimental paradigm was repeated, with local administration of A91-pulsed DCs performed 28 d after the injury, the DCs had no significant effect on locomotor recovery (Fig. 9C,D) .
Morphological evidence of improved preservation of neural tissue after vaccination with DCs pulsed with MBP peptide
At 9 months after contusive SCI that was followed immediately by local injection of A91-pulsed DCs or PBS into the site of injury, a spinal cord segment (ϳ3 cm, with the site of injury in the middle) was excised from two dead male SPD rats in each group and scanned by diffusion-weighted MRI (DW-MRI). Virtual slices of 0.5 mm were analyzed at intervals of 1.18 mm. The acquired axial images were analyzed to yield the apparent diffusion coefficient values both parallel to and perpendicular to the spinal cord axis. These values were used to derive the value of anisotropy of the tissue, as a marker of white matter integrity (Nevo et al., 2001) . The axial anisotropy maps derived from the DW-MRI images present consecutive areas of diffusion anisotropy along the excised cord. In the maps of the group that was treated with A91-pulsed DCs, the area of anisotropy is wider than in the PBS-treated controls (Fig. 10 A) . In contrast to the continuous longitudinal structure seen in the treated rats, slices taken from the PBS-injected controls showed a loss of organized struc- ture at the center of the lesion site, and the area of diffusion anisotropy was relatively small even in slices distant from the site of lesion (Fig. 10 A) . Moreover, quantitative analysis showed that the sum of anisotropy (SAI), representing the integrated anisotropy value, was higher in the rats treated with A91-pulsed DCs than in the controls throughout the entire length of scanned segments (Fig. 10 B) . The behavioral outcome correlated well with the MRI results: the higher the behavioral score, the larger the area of diffusion anisotropy found at the site of the lesion (Hauben et al., 2000b) .
Discussion
The results of this study show a significant improvement in locomotor function after contusive SCI in rats treated by local or systemic injection of bone marrow-derived DCs pulsed in vitro with MBP-derived or related peptides. The beneficial effect of the treatment was also evident morphologically, with better preservation of neural tissue seen on histological examination and a decrease in the size of cavities in the spinal cords of treated rats examined by MRI.
Contrary to the prevailing assumption, DCs were found to populate specific areas of the CNS, including the meninges and choroid plexus (McMenamin, 1999) . This presumably enables DCs to "sample" the CNS environment and present CNS antigens in the lymph nodes. In other organs and tissues the DCs under physiological conditions present self-antigens in the context of MHC but lack the costimulatory capacity to initiate a response against them. This well may hold true also for CNS antigens and might contribute to the maintenance of peripheral tolerance to CNS-associated self-antigens. Under pathological conditions, for example after injury to cells, DCs undergo a process of maturation that enables them to present tissue-derived antigens to T-lymphocytes in a highly efficient and stimulatory way. After ischemic injury to the CNS in mature rats the DCs accumulate at the lesion site (Kostulas et al., 2002) , and contusive SCI in rats is followed by upregulated expression of chemoattractants of DCs (McTigue et al., 1998) . Our group has shown that stimulation of an adaptive immune response against CNS selfantigens after an injury is a normal part of the body's own healing mechanism ) and a central feature of a proposed new concept of "protective autoimmunity" Schwartz et al., 1999 ). . Improved recovery as a result of local treatment with bone marrow-derived DCs pulsed with altered myelin peptide after spinal injury in female Lewis rats. Immediately after severe spinal cord contusion, six female Lewis rats were injected locally with 5 ϫ 10 5 A91-pulsed DCs, and five matched controls were injected with PBS. A, Injection of A91-pulsed DCs led to a significant improvement in locomotor performance measured by the BBB rating scale (*p Յ 0.05 and **p Յ 0.01, two-tailed Student's t test; two-factor repeated measures ANOVA, p Յ 0.01; df ϭ 1; F test, 8.701). B, C, Photomicrographs of Luxol fast blue-stained spinal cord sections from female Lewis rats treated with A91-pulsed DC cells ( B) or PBS ( C), with BBB scores of 8 or 5, respectively, 6 months after injury and treatment. These sections are representative of spinal cord sections from two DC-treated and two control rats that were analyzed histologically by Luxol fast blue staining. Note the significantly better preservation of neural tissue and the significantly smaller cysts in the treated rats. Figure 6 . Lack of neuroprotective activity by DCs pulsed with altered myelin peptide in rats deprived of T-cells. At 3 months after undergoing neonatal thymectomy the male SPD rats (n ϭ 5 in each group) were subjected to spinal cord contusion and then were injected locally with 5 ϫ 10 5 A91-pulsed DCs or with PBS. In the absence of normal T-cell function the DCs had no significant effect on recovery. The results shown are representative of three experiments in thymectomized male and female SPD.
The endogenous autoimmune response, although apparently sufficient for day-to-day maintenance Nevo et al., 2003) , seems to be insufficient to arrest the secondary degeneration accompanying CNS trauma; it can, however, be boosted by innate and adaptive immune manipulations Hauben et al., 2000b; Fisher et al., 2001) . DCs have been shown to initiate specific immune responses. Such manipulations have been used to evoke immune responses to tumor-associated antigens and currently are undergoing clinical testing for the treatment of cancer (Lau et al., 2001) .
A number of studies have shown that DCs can induce immunological tolerance and prevent the development of EAE. The DCs used in all of those studies were probably immature or semimature . By using surface markers and specific cytokines, we showed that the DCs used in the present work were mature. Moreover, induction of tolerance by our DCs was ruled out by the observation that the ex vivo proliferation of splenocytes from rats treated with DCs pulsed with MBP-related peptides was enhanced in response to MBP peptides. This conclusion is in line with recent results from our laboratory demonstrating that the outcome of CNS injury in rats is worsened if the animals were neonatally tolerant to myelin-associated antigens or if they received regulatory CD4 ϩ CD25 ϩ T-cells that suppress the ability to manifest an immune response Schwartz and Kipnis, 2002) .
Despite the ability of DCs to stimulate an effective immune response, immune activation by DCs pulsed with specific encephalitogenic self-antigens in normal rats or mice has never, to our knowledge, been shown to induce EAE. In one study EAE was induced in irradiated mice by the administration of DCs, but only when CD4 ϩ T-cells specific to an encephalitogenic peptide of MBP were administered at the same time (Dittel et al., 1999) . In our laboratory no symptoms of EAE were observed after the antigen-pulsed DCs that improved recovery from SCI in this study were injected locally (in the spinal cord), subcutaneously, or intravenously into naive rats (data not presented). Treatment with DCs in this way thus appears to be safe, insofar as it evokes a desired immune response while avoiding destructive autoimmunity.
The present study was conducted in two rat strains, SPD and Lewis, that differ in their resistance to EAE and in their ability to withstand CNS trauma (Kipnis et al., 2001) . In both strains the treatment with antigen-pulsed DCs was effective. In the Lewis strain we used female rats in which spontaneous recovery (mea- Figure 7 . Intravenous administration of A91-pulsed DCs promotes functional recovery after SCI. Sixteen SPD male rats were subjected to severe contusive SCI and were injected intravenously with 1 ϫ 10 6 A91-pulsed DCs or with PBS. A, At 10 d later three rats from each group were killed, their spleens were removed, and T-cell proliferation was assayed. Splenocytes from rats injected with DCs pulsed with A91, but not from PBS-injected rats, displayed a significantly stronger T-cell response to MBP peptides , and A91) than to MOG 35-55, suggesting that injection of A91-pulsedDCsinducesaT-cellresponsedirectedtorelatedmyelinantigens.B,Intravenousinjection of DCs pulsed with A91 resulted in significantly better functional recovery than that obtained after intravenousinjectionofPBS(nϭ5ineachgroup;*pՅ0.05;**pՅ0.01;***pՅ0.001;two-tailed Student's t test; two-factor repeated measures ANOVA, p Յ 0.003; df ϭ 1; F test, 18.43). C, Scores of individual rats at the last time point that was examined. sured by the BBB score) is evidently superior to that in male rats (Stein, 2001; Hauben et al., 2002) . Nevertheless, DC treatment was still effective in the females, suggesting that the female endogenous response counteracts some, but not all, of the injury-induced degeneration.
We show here that recovery from SCI is improved even if the DC injection is delayed for as long as 12 d after the injury. The locomotor activity of the rats used in that experiment was assessed before treatment, and only rats with a BBB score lower than 2 were used. This homogeneous group of rats was divided randomly into two groups, one of which was treated with the DCs; the other served as a control. This approach minimizes variations in insult severity among contused rats within the same group and between treated and nontreated groups. Interestingly, only a slight improvement was seen in the control group, whereas the outcome in the treated rats was almost as good as if they had been treated immediately after the injury. This finding might suggest that the mechanisms underlying functional recovery in DC-treated rats involve both neuroprotection and sprouting. Neuroprotection is limited by its operation only during the time period in which axons have not yet degenerated, whereas sprouting may make a significant contribution later. The relatively wide therapeutic time window may be of clinical importance in the treatment of patients with SCI. In consideration of previous findings in connection with regeneration and functional recovery induced by implantation of macrophages into transected spinal cords of rats (Rapalino et al., 1998) and the fact that passive or active immunization with myelin peptides causes local activation of macrophages and microglia , the possibility remains that DC injection, in addition to its neuroprotective effect on uninjured axons, causes sprouting and regeneration of injured axons.
Treatment with nonpulsed DCs or with DCs pulsed with the irrelevant protein ovalbumin had no effect on the injured spinal cord. DCs pulsed with MBP peptide or the altered MBP peptide A91 were beneficial, indicating that mature DCs act as antigenpresenting cells and therefore can be active in spinally injured rats only when administered in conjunction with the relevant CNS antigen. It was proposed recently by our group that different tissues, when under stress, recruit the immune system via different tissue-specific antigens . Thus injury to myelinated axons (such as spinal cord or optic nerve) can benefit from vaccination with different myelin-associated CNS antigens such as MBP Hauben et al., 2000b) , Nogo (Hauben et al., 2001b) , and MOG-derived peptides (in mice) (Fisher et al., 2001) . In contrast, direct injury of retinal ganglion cells (RGCs), caused, for example, by intravitreal injection of a toxic dose of glutamate, can benefit from vaccination with antigens residing in the retina [such as peptides of interphotoreceptor retinoid-binding protein (IRBP)] (Mizrahiet al., 2002) . Thus the specificity of the antigen participating in neuroprotection is determined by the site and not the type of injury and basically is needed to direct the homing of immune cells to the site in need of their help. In the present study we substituted A91 for natural peptides of MBP because the altered peptide, although as effective as MBP as a vaccine for SCI, is not encephalitogenic (Hauben et al., 2001b) . There was no difference in phenotype between pulsed and nonpulsed DCs, as indicated by the identical expression of cytokines in both. It should be borne in mind that both the pulsed DCs and the control nonpulsed DCs were exposed to many other irrelevant proteins during their growth in a serum-rich medium (10% fetal calf serum) as well as in the last few hours of pulsing when the specific peptide was added. These facts lend even more support to the contention that the treatment is antigen-specific. Moreover, stimulation of the DCs with LPS, a strong proinflammatory compound, could not substitute for antigen-specific pulsing.
Several findings in the present study suggest that the effect of DCs on the injured spinal cord is mediated via systemic immune mechanisms. First, there were no significant differences among the effects of DCs administered locally, subcutaneously, or intravenously to the spinal cord. Second, splenocytes from treated rats, when stimulated ex vivo with different antigens, showed a stronger proliferative response to myelin peptides than did splenocytes from untreated rats. This clearly indicates that the DCs administered to the contused rats evoked a systemic immune response to myelin peptides. The DCs administered in that experiment were pulsed with the altered myelin peptide A91 (the peptide used for pulsing of DCs in the behavioral experiments) and probably evoked a response to the ex vivo-tested dominant myelin peptides because of antigenic similarity and epitope spreading. Third, when they were injected into rats that were A, In all, 20 SPD males underwent severe contusion; 12 d later 11 rats with low locomotor scores were assigned randomly to two groups. Six rats received injections of 5 ϫ 10 5 A91-pulsed DCs into the injury site, whereas the other five were transplanted with 5 ϫ 10 5 DCs that were incubated in medium without A91. At all time points that were measured, from 29 d (17 d after treatment) to 160 d after the injury, the locomotor performance in the rats treated with A91-pulsed DCs was significantly better than in control rats (*p Յ 0.05 and **p Յ 0.01, two-tailed Student's t test). The overall effect of the injection with DCs pulsed with myelin peptide was significant when compared with the control (two-factor repeated measures ANOVA, p Յ 0.05; df ϭ 1; F test, 6.206). B, Scores of individual rats at the last time point that was examined. C, D, Using a similar experimental protocol, we administered 5 ϫ 10 5 A91-pulsed DCs (n ϭ 6) or 5 ϫ 10 5 DCs (n ϭ 5) locally into the injury site of spinally injured male SPD rats 28 d after SCI. No significant difference in recovery of the two groups was observed.
thymectomized at birth, DCs had no effect on recovery from contusive SCI. Neonatally thymectomized rats are devoid of mature T-lymphocytes (which normally develop in the thymus of the newborn), indicating that the beneficial effect of DCs on spinal cord recovery is at least partly dependent on T-cells. The injected DCs thus evoke a systemic, antigen-specific, T-celldependent immune response.
Although, as mentioned above, different routes of DC administration did not affect significantly the maximal recovery that was achieved, a high BBB score was achieved by more rats when the treatment was administered intravenously. This might reflect the uniformity of intravenous treatment relative to the subcutaneous or local administration of DCs. It is reasonable to assume that the intravenously injected DCs reach the spleen and other lymphoid organs. Intravenously injected mature DCs have been shown to reach the spleen within 1 d of injection and to localize preferentially in the T-cell area of the spleen (Sai et al., 2002) . The intravenous route for DC administration is known to be effective both for induction of immune tolerance (Menges et al., 2002) and for induction of immune activation (Fong et al., 2001; Lau et al., 2001; Sai et al., 2002) .
Our results lead us to assume that the mechanism by which DCs influence recovery from SCI is similar to that of vaccination with myelin-associated peptides. This similarity is evident not only immunologically but also morphologically, with better preservation of neural tissue evaluated histologically and decreased cavity size on MRI (Hauben et al., 2000b; Butovsky et al., 2001; Nevo et al., 2001) . The local mechanisms of protection acting on the neural tissue are not understood fully, but accumulating data support a key role for resident microglia and infiltrating macrophages in this process. Several years ago our group showed that local implantation of activated macrophages into completely transected spinal cords leads to regeneration of severed axons with partial functional recovery of otherwise completely paralyzed rats (Rapalino et al., 1998) . The injected activated macrophages are reminiscent of antigen-presenting cells (Bomstein et al., 2003) . Vaccination with myelin peptides or transfer of T-cells reactive to these peptides, both shown to be neuroprotective, recently was found to cause local activation of microglia at the site of the injured spinal cord as well as upregulation of MHC-II and B7-2 costimulatory molecules . Examination of the local inflammatory response by immunohistochemical analysis of the contused spinal cord showed that better outcome of injury was correlated with an early rise in the numbers of activated microglia/macrophages. Activated macrophages/microglia can clear the injured tissue of debris, buffer toxic compounds, and secrete neurotrophic factors. Studies in vitro showed that some of these activities are enhanced after stimulation by T-cells (I. Shaked, O. Butovsky, T. Mizrahi, R. Gersner, S. Mordechai, X. Xiao, P. Soteropoulos, P. Tolias, R. P. Hart, and M. Schwartz, unpublished observations).
The results of this study clearly show a beneficial effect of DCs pulsed with specific antigens on recovery of rats from SCI. We conclude that the effect of DCs is systemic and T-cell-dependent and that, similarly to vaccination with myelin peptides, it evokes an adaptive immune response directed to peptides of MBP. Our treatment therefore can be viewed as a DC vaccination and, like vaccination with the peptide in adjuvant, is a means of helping Figure 10 . Maps showing diffusion anisotropy of the contused spinal cords. At 9 months after SCI the spinal cords were excised, fixed, and placed in 5 mm NMR (nuclear magnetic resonance) tubes. A, Representative maps of contused spinal cords of rats that were injected locally with A91-pulsed DCs and control rats. Slices from top to bottom correspond to rostral-to-caudal axial slices. Colors correspond to anisotropy values in which bright and dark colors correspond to high and low values of anisotropy to molecular displacement, respectively. Note that the anisotropy value, in the case of the spinal cord, is correlated with white matter integrity. Anisotropy values in the panel are in the range of Ϫ0.4 to Ϫ1.0 (arbitrary units). The center of the injury site (asterisk) was determined by the slice with the lowest anisotropy value. B, Spatial distribution of the SAI value across slices. The panel shows the results for one representative rat of two in each group. Locomotor scores were 8.5 for the treated rat and 1.0 for the control.
the local innate response to cope with stressful injury-induced conditions by promoting the body's own self-repair mechanism, namely the adaptive systemic immune response against antigens residing in the lesion site.
